Anthocyanins are plant pigments that contribute to the color of leaves, flowers and fruits, and that are beneficial to human health in the form of dietary antioxidants. The study of a transformable crabapple cultivar, 'India magic', which has red buds and green mature leaves, using mRNA profiling of four leaf developmental stages, allowed us to characterize molecular mechanisms regulating red color formation in early leaf development and the subsequent rapid down-regulation of anthocyanin biosynthesis. This analysis of differential gene expression during leaf development revealed that ethylene signaling-responsive genes are up-regulated during leaf pigmentation. Genes in the ethylene response factor (ERF), SPL, NAC, WRKY and MADS-box transcription factor (TF) families were identified in two weighted gene co-expression network analysis (WGCNA) modules as having a close relationship to anthocyanin accumulation. Analyses of network hub genes indicated that SPL TFs are located in central positions within anthocyanin-related modules. Furthermore, cis-motif and yeast one-hybrid assays suggested that several anthocyanin biosynthetic or regulatory genes are potential targets of SPL8 and SPL13B. Transient silencing of these two genes confirmed that they play a role in co-ordinating anthocyanin biosynthesis and crabapple leaf development. We present a high-resolution method for identifying regulatory modules associated with leaf pigmentation, which provides a platform for functional genomic studies of anthocyanin biosynthesis.
Introduction
Anthocyanins are water-soluble flavonoid pigments that are found in later diverging land plants and are responsible for the red, blue and purple color of many fruits, vegetables, flowers and seeds (Feild et al. 2001, Honda and Saito 2002) . They are believed to have a variety of functions, including defense and protection against light stress, and they play an important physiological role as attractants in plant-animal interactions (Grayer and Harborne 1994, Koes et al. 1994) . They also have significant health benefits to humans (Lila 2008) , such that a high dietary intake of anthocyanin-rich foods is associated with reduced risks of heart disease, cancer, diabetes and degenerative conditions (Youdim et al. 2000 , Lazze et al. 2006 , Thomasset et al. 2009 , Wang et al. 2012 .
The anthocyanin biosynthetic pathway has been intensively studied in a number of model plants, including Arabidopsis thaliana, petunia (Petunia hybrida) and tobacco (Nicotiana benthamiana) (Holton and Cornish 1995, Winkel-Shirley 2001) , and also in many fruit trees, such as apple (Malus domestica) (Espley et al. 2007) , grape (Vitis vinifera) (Kobayashi et al. 2002) and pear (Pyrus communis L.) (Fischer et al. 2007) . Genes associated with anthocyanin biosynthesis include phenylalanine ammonia lyase (PAL), chalcone synthase (CHS), chalcone isomerase (CHI), flavanone 3-hydroxylase (F3H), flavonoid 3'-hydroxylase (F3'H), dihydroflavonol 4-reductase (DFR), anthocyanin synthase (ANS) and UDP-glucose:flavonoid 3-O-glucosyltransferase (UFGT) (Holton and Cornish 1995, Winkel-Shirley 2001) .
These genes are co-ordinately regulated by an MBW complex, consisting of MYB, basic helix-loop-helix proteins (bHLH) and WD40 proteins (Ramsay and Glover 2005, Saito et al. 2013 ).
In apple, the anthocyanin biosynthetic pathway is controlled by the allelic MYB transcription factor (TF) genes, MdMYB1, MdMYB10 and MdMYBA, and functional assays have shown that these genes are key regulators of anthocyanin accumulation and fruit coloration through their interaction with bHLH3 and WD40 proteins (Takos et al. 2006 , Ban et al. 2007 , Espley et al. 2007 . It was recently reported that increased expression of MdMYB110a, a paralog of MdMYB10, is associated with a redfruit flesh cortex phenotype (Chagné et al. 2013 ). In addition, McMYB10, which is expressed in the petals and leaves of Malus crabapples, has been found to have the same function as MdMYB10, MdMYBA and MdMYB1 (Jiang et al. 2014 , Tian et al. 2015 . Finally, the pear (P. pyrifolia), peach (Prunus persica) and mangosteen (Garcinia mangostana L.) MYB10 homologs have also been shown to regulate fruit anthocyanin biosynthesis (Palapol et al. 2009 , Feng et al. 2010 , Ravaglia et al. 2013 .
There have been several recent reports that anthocyanin biosynthesis is also regulated by other TFs, such as members of the WRKY and NAC families. In A. thaliana, ANAC078 has been shown to promote anthocyanin production under high light stress conditions, and ANAC032 to repress anthocyanin biosynthesis in response to high sucrose levels and oxidative stress (Morishita et al. 2009 , Mahmood et al. 2016a , Mahmood et al. 2016b , whereas JUB1/ANAC042 suppresses anthocyanin biosynthesis (Wu et al. 2012) . A peach NAC transcription factor, BLOOD (BL), can act as a heterodimer with PpNAC1 to activate the transcription of PpMYB10.1, resulting in anthocyanin pigmentation in blood-fleshed peaches . Furthermore, there is evidence that TRANSPARENT TESTA GLABRA2, WRKY9/33, WRKY17, WRKY51 and WRKY40 may act as transcriptional regulators of anthocyanin biosynthesis in A. thaliana and pear (Johnson et al. 2002 , Yang et al. 2015 .
Leaf color is a key determinant of the commercial value of many ornamental plant species, and Malus crabapple varieties show a diverse range of leaf, flower and fruit colors. Malus crabapple belongs to the Rosaceae, Malus Mill family, and has a germplasm collection that provides an economically important resource (Tian et al. 2011 , Tai et al. 2014 . 'Spring-red-leaf' crabapple cultivars have red buds and green mature leaves, representing an unusual anthocyanin accumulation mode, and so these cultivars provide a valuable model for studying plant pigmentation mechanisms. Previously, we reported that McMYB10 is a key transcriptional regulator of crabapple leaf color formation, and we also concluded that differences in promoter structure and methyl ation level of the McMYB10 promoter affect the leaf color of crabapple cultivars (Tian et al. 2015 , Tian et al. 2017 . However, the metabolic and mechanistic bases of color formation in these cultivars are still largely uncharacterized. In particular, the relationship between phenotypic changes and differences in transcriptional regulation is not well understood.
RNA sequencing (RNA-seq) profiling provides a powerful and cost-effective approach to investigating transcriptional regulation , and it has been employed to study anthocyanin biosynthesis in many horticultural plants, such as strawberry (FragariaÂananassa), apple, pear, grape, peach and potato (Solanum tuberosum) (Zhou et al. 2014 , Liu et al. 2015 , Pillet et al. 2015 ). To date, there have been only a few reports of using RNA-seq to analyze leaf color pigmentation in Malus plants (El-Sharkawy et al. 2015 ).
In the current study, we used RNA-seq analysis to study four different leaf developmental stages in a spring-red crabapple cultivar. The goal was to screen a series of candidate genes associated with anthocyanin biosynthesis and to lay a foundation for further identification of gene function and genetic improvement of leaf color. We identified mRNAs that accumulate abundantly in early developmental stages in 'India magic', a rapidly transformable crabapple cultivar with a spring-red leaf color. Furthermore, using an unbiased network analysis tool, we detected modules of co-expressed genes that are predominantly expressed in leaf developmental stages associated with anthocyanin accumulation, including several TFs with a known close relationship to ethylene signaling. Based on an analysis of genes in an anthocyanin-correlated co-expression module and cis-motif analysis, we propose that SPL TFs play an important role in the synergistic regulation of leaf development and anthocyanin accumulation.
Results

Gene expression profiles in crabapple leaves with reduced anthocyanin biosynthesis
The spring-red crabapple cultivar 'India magic' has an unusual phenotype, with red buds and green mature leaves, providing an interesting experimental system in which to study the specific molecular mechanism regulating red color formation in early leaf development and the subsequent rapid down-regulation of anthocyanin biosynthesis. We therefore selected 'India Magic' for transcriptome analysis to identify regulators of anthocyanin biosynthesis during crabapple leaf development (Fig. 1A) . Total RNA was extracted from four biological replicates of four different leaf developmental stages of 'India magic' tissue culture plants and used to generate cDNA libraries, which were subjected to paired-end sequencing using an Illumina HiSeq PE150 platform. After removing reads derived from rRNA and those of low quality, the total length of clean reads ranged from 41,439,182 to 58,021,896 among the different libraries, and almost 66% of the sequenced reads could be aligned to the apple genome ( Table 1) . A Pearson correlation analysis indicated that the four libraries from the biological replicates of each developmental stage had highly consistent transcriptome profiles (r 2 = 0.858-0.986; see Supplementary Fig. S1 ). Mapping region classifications included exons, introns and intergenic regions, and, among all libraries, the proportion of exons ranged from 86.0% to 88.3%, while the proportion of introns was from 1.2% to 1.7% ( Supplementary Fig. S2 ).
Identification of genes showing differential expression during leaf development
Fragments per kilobase of transcript per million mapped reads (FPKM) values were used to investigate transcript differences. As a result, 3,927 genes (ratio >2.0, P-value <0.05) were found to be up-regulated and 4,613 genes (ratio <0.5, P-value <0.05) down-regulated in Stage 1 vs. Stage 2; 7,429 genes (ratio >2.0, P-value <0.05) were up-regulated and 7,120 genes (ratio <0.5, P-value <0.05) down-regulated in Stage 1 vs. Stage 3; and 8,520 genes (ratio >2.0, P-value <0.05) were up-regulated and 7,389 genes (ratio <0.5, P-value <0.05) down-regulated in Stage 1 vs. Stage 4 (Fig. 1B, C) .
DEGs (differentially expressed genes) (ratio >2.0 or ratio <0.5, P-value <0.05) were classified into different functional categories based on their GO (Gene Ontology) annotations. The numbers of DEGs involved in 'metabolic process', 'biological process', 'catalytic activity', 'stress', and 'single-organism metabolic process' were largest in the Stage 1 vs. Stage 2 group ( Fig. 2A) , while in Stage 1 vs. Stage 3 and Stage 1 vs. Stage 4, most DEGs were from the 'biological process' category. (Fig. 2B) . Genes involved in 'Plant hormone signal transduction' were also enriched in Stage 1 vs. Stage 2, including many ethylene signal transduction or responsive proteins (Supplementary Table S1 ). These results suggested that ethylene not only plays an important role in leaf development but also affects coloration in early leaf developmental stages.
Weighted co-expression network construction with focus on anthocyanin accumulation WGCNA (weighted gene co-expression network analysis) is a method for identifying networks of genes with certain associated functions or traits, and for revealing putative hub genes with particular influence (Horvath and Dong 2008) . To identify genes associated with anthocyanin biosynthesis in apple leaves, we identified co-expressed gene sets by applying WGCNA (Fig. 3A ) Horvath 2005, Langfelder and to examine the expressed genes after excluding those with low FPKM values (average FPKM <1) and/or a low coefficient of variation (<1) across all development stages. The 34,472 DEGs in the four different leaf development stages that met these stringent criteria fell into seven co-expression modules (Fig. 3B) .
Next, we measured anthocyanin levels in the leaves by HPLC. Cyanidin was the main anthocyanin component, and its concentration gradually decreased during 'India magic' leaf development (Fig. 3C ). An analysis of the relationship between modules and anthocyanin levels revealed that the 'Red' (r = 0.81, P = 1e-04) module and the (r = 0.75, P = 9e-04) 'Turquoise' module were highly correlated with anthocyanin accumulation (Fig. 3B) .
To elucidate the major biological signaling pathways associated with anthocyanin biosynthesis in the co-expression modules, we used the KEGG database to identify processes that were significantly enriched in the modules that showed high correlation with anthocyanin accumulation (Fig. 4) . Genes associated with the 'Phenylpropanoid biosynthesis', 'Flavonoid biosynthesis', 'Flavone and flavonol biosynthesis' and 'Phenylalanine metabolism' categories were enriched in the Red and Turquoise modules, and we noted that the 'Biosynthesis of secondary metabolites' category was also the second largest in both modules. Finally, genes in the 'Starch and sucrose metabolism', 'Amino sugar and nucleotide sugar metabolism', 'Nitrogen metabolism' and 'Plant hormone signal transduction' categories were also enriched in the Red and Turquoise modules, which are all processes that have been associated with anthocyanin biosynthesis (Jaakola 2013) .
The Red and Turquoise modules included several known early and late anthocyanin biosynthetic genes, such as PAL, 4CL (4-coumarate-CoA ligase), DFR, ANS and UFGT. LAR (leucoanthocyanidin reductase) and ANR (anthocyanidin reductase), which are specific for the synthesis of proanthocyanins, and FLS (flavonol synthase), which is involved in flavonol synthesis, were also identified in these two modules (Supplementary Table S2 ). Many DEGs identified in the Red and Turquoise modules were TFs ( Supplementary Fig. S3 ), including members of the MYB, bHLH, WD40, ERF, NAC, WRKY and MADS families (Supplementary Table S3 ).
Analysis of hub genes in the Red and Turquoise modules
Hub genes are present at highly connected nodes and are involved in many interactions, and highly connected hub genes in a module probably play important roles in many biological processes (Zhang and Horvath 2005) . The top 100 genes with the highest connectivity in the Red and Turquoise modules were defined as hub genes, and several important TFs were found among these hub genes, including zinc finger CCCH domaincontaining protein 22 (MDP0000120462), AP2-like ethylene-responsive transcription factors ANT and AIL (MDP0000190889 and MDP0000211931), squamosa promoter-binding-like protein 13B (SPL13B; MDP0000263766) and homeobox-leucine zipper protein HB-15 (MDP0000313059) in the Turquoise module, and MYC4 (MDP0000788304), TRANSPARENT TESTA 12 (MDP0000286135) and TF PAR1 (MDP0000143169) in the Red module (Supplementary Tables S4, S5) (Fig. 5) . We inferred from their expression patterns that these TFs participate in accumulation of pigments during leaf development.
Expression analysis of DEGs and hub genes
To validate the expression of the DEGs and hub genes from the Red and Turquoise modules, quantitative real-time PCR (qRT-PCR) during leaf development was performed for 12 representative genes (Fig. 6A) . The expression level of the anthocyanin biosynthetic genes DFR (MDP0000307124), ANS (MDP0000229843), and potential anthocyanin regulators ERF118 (MDP0000119956), ERF003 (MDP0000297646), SPL8 (MDP0000803116), SPL13B (MDP0000263766), WRKY12 (MDP0000517924), WRKY19 (MDP0000856982), MYB6 (MDP0000402013), MYB39 (MDP0000308403), MYC4 (MDP0000183948) and bHLH14 (MDP0000126532) gradually decreased during leaf development. A correlation analysis showed that the expression of these 12 genes was closely related to the accumulation of anthocyanins, with r 2 ranging from 0.9128 (MDP0000803116) to 0.9851 (MDP0000229843) at the significance level of P < 0.05 (Fig. 6B) .
Identification of cis-motifs and gene regulation modules associated with anthocyanin biosynthesis
We next used the MEME software to identify gene regulatory networks (Bailey and Elkan 1993) by identifying putative cisregulatory elements in upstream gene sequences from the Red and Turquoise modules. We searched for 10-12 bp sequence motifs over-represented within -1 to +0.5 kb (relative to the transcription start site) of genes in each module, and further identified motifs that were significantly similar (q-value < 0.05) to the known plant cis-motifs available in the JASPAR CORE database using the TOMTOM program (Gupta et al. 2007 ). Interestingly, an SPL8 (MA0578.1) binding site was found in the cis-motif analysis. SPL proteins affect a broad range of developmental stages in A. thaliana, and it has been reported that they have potential roles in anthocyanin biosynthesis (Gou et al. 2011) . We also noticed that several SPL TFs were enriched in the Red and Turquoise modules (Supplementary Table S6 ). Based on the higher expression level of SPL8 in crabapple development Stage 1 and the cis-motif results, we focused on the regulatory function of SPL8 in anthocyanin biosynthesis. We looked for SPL8-binding sites in 30,000 promoter sequences (+1 to -1,500 bp) from constitutively expressed apple genes, and 386 genes were found to contain at least one SPL8-binding site (Supplementary Table S7) , and, among these, we speculated that 22 may be involved in anthocyanin accumulation based on gene annotation ( Table 2) .
To validate this putative network further, we used yeast onehybrid analysis to test for the binding of SPL8 to the 22 genes. LacZ activity (Tian et al. 2015) was detected in yeast harboring an activation domain (AD)-SPL8 together with a binding domain (BD)-proPAL, BD-proCHS, BD-proFLS, BD-proMYB90 and BD-probHLH3, but not in control yeast lines harboring BD-proMYB10, together with AD lacking SPL8, or in control yeast harboring AD-SPL8 together with BD lacking the abovementioned promoters (Fig. 7B) .
SPL13B, a member of the SPL family, which was identified as a hub gene and may constitute an important network node in anthocyanin biosynthesis, was also tested for binding to the 22 genes, and was found to bind to six. These comprised MYB90, bHLH3 and MYB10, which encode TFs involved in anthocyanin biosynthesis, and PAL, CHS and FLS, which are anthocyanin biosynthetic genes. We concluded that SPL13B and SPL8 may participate in regulating anthocyanin accumulation by binding to different anthocyanin-related genes during crabapple leaf development (Fig. 7B) .
Silencing of SPL8 and SPL13B expression in crabapple alters the accumulation of flavonoid compounds
To elucidate further the role of the SPL8 and SPL13B genes, we suppressed their expression in the leaves of the red-leaved crabapple cultivar 'Royalty' by virus-induced gene silencing (VIGS), using the Tobacco rattle virus (TRV) vector. Crabapple tissue culture plantlets infiltrated with the virus containing the TRV-SPL8 and TRV-SPL13B constructs developed a faded purple phenotype in the new buds and mature leaves at 14 d post-infection. In contrast, the plantlets infiltrated with the empty vector, pTRV2, rapidly accumulated anthocyanins, resulting in red coloration in the upper young and mature leaves (Fig. 8A) . HPLC analyses confirmed that the anthocyanin concentration in the silenced leaves (23.87 mg g -1 FW in TRV-SPL8-silenced leaves and 17.28 mg g -1 FW in TRV-SPL13B-silenced leaves) was less than that in the leaves of control lines (208.75 mg g-1 FW) (Fig. 8B) . The PAs (proanthocyanidins) [(-)-epicatechin and procyanidin B2] and flavonol (quercetin-3-O-glycosidase and phlorizin) contents in leaves from plantlets expressing TRV-SPL8 and TRV-SPL13B were also lower than in control leaves (Fig. 8B) . qRT-PCR revealed that the SPL8 transcript level in the SPL8-silenced leaves decreased by approximately 60%, and SPL13B transcript levels in the SPL13B-silenced leaves decreased by approximately 90% compared with control plantlets. Transcript levels of the SPL8 and SPL13B target genes, PAL, CHS, FLS, MYB90, bHLH3 and MYB10, were also significantly lower in the silenced lines than in the control lines (Fig. 8C) . The abundance of these gene transcripts was consistent with anthocyanin, PA and flavonol levels and the degree of pigmentation observed in the SPL8-and SPL13B -silenced and control lines (Fig. 8C) .
Taken together, we further hypothesize that SPL8 and SPL13B plays a role in transcriptional regulation via modulation of flavonoid biosynthesis and indirect gene regulation, which could be the cause of the altered secondary metabolism.
Discussion
Plant color development is often associated with some general trends. For example, maple leaves and many fruits present a red color during late developmental stages, due to the degradation of Chl, followed by massive anthocyanin accumulation (Field et al. 2011, Klee and Giovannoni 2011) . However, different pigmentation modes can be observed in crabapple leaves, i.e. spring-red crabapple cultivars rapidly accumulate anthocyanins in new buds, after which anthocyanin biosynthesis decreases with leaf development. In this study, we focused on the molecular mechanisms underlying the unusual pattern of red leaf color formation in early developmental stages and the rapid downregulation of anthocyanin biosynthesis during leaf development in a spring-red crabapple cultivar, using RNA-seq analysis.
TFs involved in leaf pigmentation
Many studies have shown that anthocyanin biosynthesis is regulated at the transcriptional level via a set of TFs, including R2R3-MYB, bHLH and WD40, as well as members of several other TF families (Jaakola 2013) . We divided the DEGs into seven modules by WGCNA, and identified two expression modules with a close relationship to anthocyanin accumulation (Fig. 3B) . Interestingly, different kinds of TFs were present in these two modules, including WRKY, NAC and MADS members, examples of which have previously been implicated in the regulation of anthocyanin biosynthesis. In A. thaliana, TTG2, encoding a WRKY class TF, was shown to be necessary for trichome and seed coat development (Johnson et al. 2002) , since the 'tt' mutant showed a lack of PAs in the seed coat. In addition, it was shown that the TTG2 gene is regulated by the MBW complex during trichome and seed coat development ( Lepiniec et al. 2006 , Ishida et al. 2007 , Gonzalez et al. 2008 . Three recent reports provided insights into the mechanisms by which WRKY factors act together with the MBW complex to regulate the anthocyanin and PA pigment pathways (Pesch et al. 2014 , Gonzalez et al. 2016 , Verweij et al. 2016 . Suppression of the bilberry (Vaccinium myrtillus) MADSbox transcription factor, VmTDR4, associated with anthocyanin biosynthesis, caused a decrease in the accumulation of anthocyanins in bilberry fruits (Jaakola et al. 2010 ). The peach NAC transcription factor, BLOOD (BL), acts as a heterodimer with PpNAC1 and shows high levels of expression in fruit at later developmental stages, and heterologous expression of the heterodimer in tobacco was reported to activate the transcription of PpMYB10.1, resulting in anthocyanin pigmentation . These studies suggest that the WRKY, NAC and MADS TFs identified in the Red and Turquoise modules may regulate anthocyanin biosynthesis in crabapple leaves, probably working together with a MBW complex.
Ethylene signaling in leaf pigmentation
The gaseous plant hormone, ethylene, regulates various plant developmental processes, including seed germination, organ elongation, flowering, fruit ripening, organ senescence and abscission (Dubois et al. 2018 ). In apple, many studies have shown that ethylene is essential for textural changes and increased levels of sugars, volatile compounds and pigments in fruits (Klee and Giovannoni 2011 . Ethylene also plays an important role in A. thaliana leaf development (Smalle et al. 1999) , which give us the opportunity to gain insight into the function of ethylene in crabapple leaf development by inferring gene function between orthologs. Here, several ERF TFs and ethylene signaling pathway genes were found through a KEGG pathway analysis of the Red and Turquoise modules (Supplementary Table S8 ), indicating that ethylene may regulate anthocyanin accumulation in crabapple leaves.
ERF TFs are important regulators of the ethylene signaling pathway, and control the expression of ethylene-responsive genes (Klee and Giovannoni 2011, Rodrigues et al. 2014) , as well as regulating development and responses to various stresses (Riechmann and Meyerowitz 1998 , Zhang et al. 2009 , Girardi et al. 2013 , Meng et al. 2014 , Dong et al. 2015 . Recently, the ERF/AP2 TF, PyERF3, was found to interact with PyMYB114 and its partner PybHLH3 to co-regulate anthocyanin biosynthesis in pear (Yao et al. 2017) . We observed that crabapple ERF3, which has 93% nucleotide sequence identity with PyERF3, was present in the Red module and showed a pattern of expression during development that was similar to that of anthocyanin accumulation. This indicates that ERF3 may also regulate anthocyanin biosynthesis in crabapple leaves, and we propose that ERF TFs probably act as leaf anthocyanin regulators in most land plants. Furthermore, the A. thaliana homologs of the candidate anthocyanin regulators in the Red and Turquoise modules, such as NAC007 (MDP0000226701, AT1G12260), NAC073 (MDP0000309351, At4g28500) and AGL24 (MDP0000378412, AT4G24540) are induced by ethylene treatment in A. thaliana leaves (http://bar. utoronto.ca/efp/ (March 7, 2018, date last accessed)), suggesting that ethylene signaling regulates leaf pigmentation in the early developmental stage via various ethylene responsive TFs.
Candidate anthocyanin regulators amongst the hub genes
Hub genes have central positions within the modules compared with other genes in the network. We focused on the top 100 hub Tables S4, S5) , including a zinc finger CCCH domain-containing protein 22, the AP2-like ethyleneresponsive TFs, ANT and AIL, the squamosa promoter-binding-like protein 13B, the homeobox-leucine zipper protein HB-15, and others. Interestingly, we also found two AP2/ERF TFs among the hub genes in the leaf pigmentation stage, further indicating the importance of the ERF TF and ethylene signaling in leaf coloration. Fig. 7 Cis-element binding ability and transcriptional activation assays for SPL13B and SPL8 with anthocyanin-related genes. (A) SPL8 (MA0578.1) cis-regulatory elements in upstream gene sequences identified from the Red and Turquoise modules using MEME (Bailey and Elkan 1993) . (B) Interaction of the SPL8 protein with the promoters of anthocyanin-related genes based on yeast one-hybrid assays. The panel shows yeast cells containing distinct effector and reporter constructs grown on an SD/-Trp/-Ura medium plate. Interaction of SPL13B or SPL8, fused to the GAL4 activation domain (pJG4-5-SPL13B or pJG4-5-SPL8), with LacZ driven by the anthocyanin-related gene promoters (pLacZipromoter of anthocyanin-related genes) is shown in the left top panel. Yeast transformed with pJG4-5-SPLs/pLacZi, pJG4-5/pLacZi-promoter of anthocyanin-related genes and pJG4-5/pLacZi were used as controls.
The zinc-finger protein, SIZF3, and MdHB1 have also been shown to have a close relationship to anthocyanin accumulation in tomato (Solanum lycopersicum) and apple, respectively , Jiang et al. 2017 ).
SPL TFs involved in anthocyanin pigmentation in crabapple leaves
We noticed that SPL family genes were identified through both hub gene and cis-motif analyses. Previous studies have shown that SPL TFs play important roles in several plant developmental processes, such as leaf development and plastochron determination (Moreno et al. 1997 , Wang et al. 2008 , stress resistance (Arshad et al. 2017) , phase transitions Schmid 2011, Xu et al. 2016 ) and male fertility (Unte et al. 2003 , Xing et al. 2010 ). However, SPL9, a miR156 target, regulates anthocyanin accumulation by directly preventing expression of the anthocyanin biosynthetic gene DFR through destabilization of a MBW transcriptional activation complex in A. thaliana (Gou et al. 2011) . This suggested to us that SPL genes may also regulate anthocyanin biosynthesis during leaf development, and we noticed that SPL13B and SPL8 were represented in the WGCNA and hub gene analysis in anthocyanin-related modules. When investigating the role of these two TFs in crabapple leaves by expression analysis, we found that the expression of both genes was positively correlated with anthocyanin accumulation (Fig. 6) . Furthermore, a yeast one-hybrid assay revealed that SPL8 and SPL13B bound to the promoter of several anthocyanin-related genes (Fig. 7) , and transient silencing analysis suggested that they regulated anthocyanin biosynthesis and that of other flavonoid compounds. So we deduced that SPL8 and SPL13B may be candidate anthocyanin regulators, and play important roles in co-ordinating anthocyanin biosynthesis and leaf development during crabapple leaf development, which has not previously been described. Several studies have shown that SPL transcription factors are microRNA (miRNA) targets (Gou et al. 2011) , and so miRNAs may also modulate anthocyanin accumulation by slicing the target SPL transcription factor mRNA; a hypothesis that will be addressed in future studies.
The analyses presented here provide insights into the metabolic mechanisms underlying leaf pigmentation. To summarize, we performed an analysis of crabapple leaf transcriptomes during different stages of leaf developmental that show contrasting patterns of leaf pigmentation. Subsequent WGCNA revealed two gene expression modules that were significantly associated with anthocyanin accumulation, and suggested that ERF, MADS, NAC and WRKY TFs are involved in leaf pigmentation. Two SPL TFs were identified by hub and cis-motif analysis that may play an important role in the anthocyanin biosynthetic pathway leaves. As a future target, we will focus on the function of the TFs mentioned above in Malus plants and will further study the negative regulators from WGCNAs.
Materials and Methods
Plant materials and growth
Explants of Malus cv. 'India Magic' and 'Royalty' were harvested from 1-year-old branches before spring bud germination, and cultured on Murashige and Skoog medium supplemented with 0.1 mg l -1 6-benzylaminopurine (6-BA) and mg l (Fig. 1A) . All samples were frozen in liquid nitrogen upon collection, and stored at -80 C prior to HPLC analysis or RNA extraction.
RNA quantification and quality analysis RNA degradation and contamination were visualized on 1% agarose gels. RNA purity was confirmed using the Nano Photometer Õ spectrophotometer (IMPLEN). RNA concentration was measured using the Qubit Õ RNA Assay Kit in a Qubit Õ 2.0 Fluorometer (Life Technologies). RNA integrity was assessed using the RNA Nano 6000 Assay Kit from the Bioanalyzer 2100 system (Agilent Technologies).
RNA-seq library preparation
A 3 mg aliquot of RNA per sample was used as input material for the RNA sample preparations. Sequencing libraries were generated using the NEBNext Õ Ultra TM RNA Library Prep Kit for Illumina Õ (NEB) following the manufacturer's recommendations, and index codes were added to label each sample. In order preferentially to select cDNA fragments 150-200 bp in length, the library fragments were purified with the AMPure XP system (Beckman Coulter). Then 3 ml of USER Enzyme (NEB) was used with size-selected, adaptor-ligated cDNA at 37 C for 15 min followed by 5 min at 95 C. PCR was performed with the Phusion High-Fidelity DNA polymerase, Universal PCR primers and Index (X) Primers. Finally, PCR products were purified (AMPure XP system) and library quality was assessed using the Agilent Bioanalyzer 2100 system.
Read mapping to the reference genome and quantification of gene expression
An index of the reference genome was built using Bowtie v2.2.3 (Langmead et al. 2009 ) and paired-end clean reads were aligned to the apple reference genome (Velasco et al. 2010 ) using TopHat v2.0.12 (Trapnell et al. 2009 ). HTSeq v0.6.1 (https://pypi.python.org/pypi/HTSeq (March 7, 2018, date last accessed)) was used to count the read numbers mapped to each gene (Anders et al. 2015) . The FPKM method was used to investigate differential gene expression at different leaf developmental stages, and the FPKM of each gene was calculated based on the length of the gene and read counts mapped to this gene.
Differential expression analysis
Differential expression analysis of four groups (four biological replicates per group) was performed using the DESeq R package (1.18.0) (http://www.bioconductor. org/packages/release/bioc/html/DESeq.html (March 7, 2018 , date last accessed)) (Andino et al. 2016) . DESeq provides statistical routines for determining differential expression in digital gene expression data using a model based on the negative binomial distribution. The resulting P-values were adjusted using the Benjamini and Hochberg approach (Benjamini and Hochberg 1995) for controlling the false discovery rate. Genes with an adjusted P-value <0.05 found by DESeq were considered to be differentially expressed (Anders and Huber 2010) .
GO and KEGG enrichment analysis of DEGs
Blast2GO (Conesa et al. 2005) software was used to identify GO-enriched terms. GO terms with corrected P < 0.05 were considered significantly enriched by DEGs (Conesa et al. 2005) . We used the KOBAS software to test the statistical enrichment of DEGs in the KEGG pathways (http://www.genome.jp/kegg/ (March 7, 2018, date last accessed)) (Mao et al. 2005 ).
Identification of co-expression modules
The R package WGCNA Horvath 2005, Langfelder and ) was used to identify modules of highly correlated genes based on the FPKM data. The R package DCGL (Yang et al. 2013 ) was used to filter the genes based on gene expression and variations, resulting in 34,472 genes selected for further analysis. The pickSoft Threshold function in the WGCNA package was used with a soft thresholding power of 7. The power was interpreted as a soft threshold of the correlation matrix. The resulting adjacency matrix was then converted to a topological overlap (TO) matrix using the TOMsimilarity algorithm (Zhan et al. 2015) . Genes were hierarchically clustered based on TO similarity. We used the Dynamic Hybrid Tree Cut algorithm to cut the hierarchal clustering tree, and defined modules as branches from the tree cutting (Zhan et al. 2015) . We summarized the expression profile of each module by representing it as the first principal component (referred to as module eigengene). Modules whose eigengenes were highly correlated (correlation >0.8) were merged. The genes in each module were then processed following the method in 'GO and KEGG enrichment analysis of DEGs'.
Visualization of hub genes
Genes with the highest degree of connectivity within a module are referred to as intramodular hub genes (Langfelder and Horvath 2008 ). Here, the top 100 hub genes from each module, ranked by k {k cor,i (q) = cor[xi, E(q) ]} and ME (module eigengene), which is a measure of module eigengene-based connectivity, were selected. The hub genes in each module were compared and the top 100 hub genes of the Red and Turquoise modules were visualized by VisANT in the network (Hu et al. 2004 ). The gene annotation information was taken from the KOBAS 2.0 annotation result.
HPLC analysis
Frozen crabapple leaf samples (approximately 0.8-1.0 g FW) were ground in 10 ml of extraction solution (methanol:water:formic acid:trifluoroacetic acid-= 70:27:2:1) at 4 C in the dark for 72 h, shaking every 6 h. The supernatant was passed through filter paper and then through a 0.22 mm Millipore TM filter (Billerica). For the HPLC analysis, trifluoroacetic acid:formic acid:water (0.1:2:97.9) was used as mobile phase A and trifluoroacetic acid:formic acid:acetonitrile:water (0.1:2:48:49.9) was used as mobile phase B. The gradients used were as follows: 0 min, 30% B; 10 min, 40% B; 50 min, 55% B; 70 min, 60% B; 30 min, 80% B. Detection was performed at 520 nm for anthocyanins and 280 nm for PAs (Revilla and Ryan 2000) . All samples were analyzed in three biological triplicates (extracted from three different batches of leaves).
qRT-PCR analysis
Total RNA was extracted from crabapple leaves using an RNA Extraction Kit (Aidlab) according to the manufacturer's instructions. DNase I (TAKARA) was added to remove genomic DNA, and the samples converted to cDNA using the Access RT-PCR System (Promega), according to the manufacturer's instructions. The expression levels of flavonoid biosynthetic and regulatory genes were analyzed using qRT-PCR and the SYBR Green qPCR Mix (TAKARA) with the Bio-Rad CFX96 Real-Time PCR System, according to the manufacturers' instructions. The PCR primers were designed using NCBI Primer BLAST (https://www.ncbi.nlm.nih.gov/tools/primer-blast/) and are listed in Supplementary Table S9. qRT-PCR analysis was carried out in a total volume of 20 ml containing 9 ml of 2Â SYBR Green qPCR Mix (TAKARA), 0.1 mM specific primers (each) and 100 ng of template cDNA. The reaction mixtures were heated to 95 C for 30 s, followed by 39 cycles at 95 C for 10 s, 50-59 C for 15 s and 72 C for 30 s. A melting curve was generated for each sample at the end of each run to ensure the purity of the amplified products. The transcript levels were normalized using the Malus 18S rRNA gene (GenBank ID DQ341382, for crabapple) as the internal control and calculated using the 2 (ÀÁÁCt) analysis method (Livak and Schmittgen 2001) .
Identification of cis-motifs
The MEME program (Bailey and Elkan 1993) was used to identify motifs in the promoter regions of genes from each co-expression module. We defined the promoter regions as 1 kb upstream and 500 bp downstream of the transcription start sites and obtained the genomic sequences using a customized Perl script. For each module, 10 motifs (Motifs 1-10) were reported by MEME, and those with an E-value >10 -6 were manually excluded. Using the TOMTOM motif comparison tool (Gupta et al. 2007 ), the resulting motifs were aligned with motifs in the JASPAR CORE Plantae database (Mathelier et al. 2014) to identify significantly similar known cis-motifs (q-value <0.1).
Yeast one-hybrid assay
Yeast one-hybrid analysis was used to assay transcriptional activation by the SPL13B and SPL8 proteins. The open reading frame of SPL8 (MDP0000803116) and SPL13B (MDP0000263766) was cloned into the EcoRI and XhoI sites of the pJG4-5 vector (Clontech) under the control of the galactokinase 1 (GAL1) promoter, giving the effector constructs. The selected flavonoid biosynthesisrelated gene promoter sequences were inserted upstream of the reporter LacZ gene in the pLacZi vector (primers listed in Supplementary Table S9 ). The effector and reporter or control constructs were transformed into competent yeast cells (Saccharomyces cerevisiae) strain EGY48, resulting in the following yeast strains: pJG4-5-SPLs/pLacZi-promoter of flavonoid biosynthetic-related genes, pJG4-5/pLacZi-promoter of flavonoid biosynthesis-related genes, pJG4-5-SPLs/pLacZi and pJG4-5/pLacZi. The cells were selected on synthetic dropout media lacking tryptophan and uracil, and positive colonies were spotted onto glucose plates (2%) containing X-gal at 28 C for 2 d to confirm blue color development (Tian et al. 2015) .
Transient expression assays in crabapple plantlets
Fragments for the pTRV2-SPL8 (563 bp) and pTRV2-SPL13B (578 bp) constructs were amplified by PCR with gene-specific primers, from a cDNA library derived from Malus crabapple leaves (cv. 'India magic'), using Taq DNA polymerase (TAKARA), according to the manufacturer's instructions. The PCR primers used are shown in Supplementary Table S9 .
Agrobacterium tumefaciens cells were grown, collected and resuspended in a 10 mM MES, 10 mM MgCl 2 and 200 mM acetosyringone solution to a final optical density of 1.5 at 600 nm and then incubated at room temperature for 3-4 h without shaking. Before infiltration, A. tumefaciens cultures containing combinations of pTRV1 (acting as an assistant vector responsible for virus replication and for allowing systemic movement throughout the host) (Liu et al. 2002) and pTRV2 or its derivatives were mixed in a 1:1 ratio. The infiltration protocol and culture methods for transient expression assays in crabapple plantlets were adapted from previously described methods .
Supplementary Data
Supplementary data are available at PCP online. 
